1. Introduction {#s0005}
===============

Brown adipose tissue (BAT), and more recently beige adipose tissue, are responsible for heat production through non-shivering thermogenesis (NST). Initially, BAT was thought to exist only in small or hibernating mammals and newborn humans. However, in 2009 functional BAT was identified in adult humans through positron-emission and computed tomographic (PET-CT) scans [@bib1], [@bib2], [@bib3], [@bib4], [@bib5]. Since then interest by the scientific community in studying the molecular mechanisms involved in the regulation of NST have expanded greatly. Another type of thermogenic fat was described, "brown-like" adipocytes present in WAT depots named the beige or brite *("brown in white")* adipose tissue, that emerges in located depots of white adipose tissue (WAT) under some stimuli and which possesses thermogenic properties [@bib1], [@bib2]. Thermogenesis in BAT and browning of WAT are activated with cold exposure and sympathetic stimulation [@bib3], [@bib4], [@bib5]. Several central mechanisms regulating thermogenesis in brown and beige adipocytes have been described, which are the focus of this review. For this purpose, we will start a trip at the control center, namely the hypothalamus, the most studied region of the central nervous system (CNS) with respect to the control of energy balance. From the hypothalamus, we will follow the road through the autonomous nervous system (ANS), via the sympathetic fibers that connect and regulate the different fat pads, where the thermogenic pathway ends.

2. The hypothalamus: the beginning of the travel {#s0010}
================================================

The control of energy homeostasis is orchestrated by the CNS with the hypothalamus playing a major role. Indeed, most of the peripheral cues, such as sensory and nutritional signals and humoral factors arrive at the hypothalamus to provide information about the nutritional status of the body. The information is integrated to emit a response through regulation of food intake, energy expenditure (EE) and nutrient partitioning [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14]. The hypothalamus is composed of several neural populations distributed in different hypothalamic nuclei ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}) that are interconnected to each other and to other brain areas. Furthermore, peripheral energy balance is controlled by the hypothalamus through the ANS. Thermogenesis in brown and beige adipose tissues can be induced by activation of the sympathetic nervous system (SNS) [@bib7], [@bib8], [@bib11], [@bib15], [@bib16], [@bib17] ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). The control of ANS by the hypothalamus is complex, involving several neuronal populations and signaling pathways in various nuclei.Fig. 1**Brain adipose axes.** Several peripheral signals act on the hypothalamus to inform about the nutritional status of the body. Therefore, leptin, glucagon like peptide (GLP-1), bone morphogenetic protein 8B (BMP8B), estradiol (E2) or thyroid hormones (THs) act in the ventromedial nucleus of the hypothalamus (VMH), decreasing AMP-activated protein kinase (AMPK) which activates the sympathetic nervous system (SNS) signaling to brown and beige adipose tissues. Events such as decreasing the endoplasmic reticulum (ER) stress in the VMH or increasing orexins (OX) in the lateral hypothalamic area (LHA) also activate thermogenesis through sympathetic activation. rRPa: rostral raphe nucleus, IO: inferior olive.Fig. 1Fig. 2**Hypothalamic circuits regulating thermogenesis of BAT and browning of WAT**. The preoptic area (POA) receives peripheral information about external temperature, being activated by cold and prostaglandin E2 (PGE2), and mediate the febrile response. The POA projects to other hypothalamic nuclei such as the ventromedial nucleus of hypothalamus (VMH) leading the activation of BAT sympathetic traffic through projections to rostral raphe nucleus (rRPa). Several peripheral signals converge in the VMH to regulate thermogenesis: activation of estrogen receptor α (ERα), glucagon like peptide 1 receptor (GLP1-R), thyroid hormone receptor (TR), or bone morphogenic protein 8 receptor (BMP8R) inhibit AMPK in the VMH stimulating thermogenesis in in brown adipose tissue (BAT) and white adipose tissue (WAT), as well as lipotoxicity-induced ER stress. The dorsomedial nucleus of the hypothalamus (DMH) is also involved in the thermogenesis regulation, since it is inhibited under normothermic environment by a GABAergic tone which is disinhibited by POA stimulation inducing thermogenesis. The arcuate nucleus of hypothalamus (ARC) contain neurons that express orexigenic factors such as agouti-related protein (AgRP) along with neropeptide Y (NPY) and anorexigenic neurons expressing proopiomelanocortin (POMC). Leptin induces POMC expression increasing the release of POMC products in the second order neurons. Leptin action in the ARC also activate RIP-Cre expressing neurons, which through disinhibiton of GABAergic population act on paraventricular nucleus of the hypothalamus (PVH) to induce thermogenesis. Conversely, AgRP and NPY in the ARC act on the PVH decreasing the sympathetic activation of BAT. In the lateral nucleus of the hypothalamus (LHA), neurons expressing orexins (OX) promote BAT thermogenesis, a process that can be activated by low AMPK activity in the VMH. LepR: Leptin receptor; GABA-R: GABA receptor; MPO: medial POA; MnPO: median part of the POA; MC4R: melanocortin 4 receptor; β3-AR: beta 3 adrenoreceptor.Fig. 2

2.1. The preoptic area {#s0015}
----------------------

The preoptic area (POA) is the main brain nucleus that senses temperature. It acts as a thermometer that receives the peripheral and central thermal signals through temperature-sensitive neurons to regulate body temperature according to the external environment [@bib18], [@bib19], [@bib20], [@bib21], [@bib22]. The POA receives input from thermosensitive areas elsewhere in the body. Thus, detection of cold signals by the median POA (mnPOA) triggers hypothalamic mechanisms to induce thermogenesis in BAT [@bib23]. More specifically, POA connects directly with the ventromedial nucleus of the hypothalamus (VMH) to activate BAT thermogenesis in response to cold, as demonstrated by the fact that destruction of the VMH abolishes the ability of external cold to stimulate BAT thermogenesis [@bib24], [@bib25].

The POA also controls the febrile response, a physiological mechanism to induce a hyperthermic environment needed to defend against pathogens [@bib26]. During infections, prostaglandins (PG) are released in the vasculature and peripheral tissues and upon arrival to the POA trigger activation of the BAT thermogenic program [@bib27], [@bib28], [@bib29]. Specifically, POA contains PG receptors subtype EP3, which are connected to the dorsomedial nucleus of the hypothalamus (DMH), as well as the rostral raphe pallidus (rRPA) in the brainstem that control thermogenesis in BAT to induce fever through a mechanism that involve cAMP [@bib27], [@bib28], [@bib29], [@bib30]. A population of the POA neurons expressing EP3 subtype of PGE receptor is mainly GABAergic and projects to DMH and the rRPa antagonizing some inhibitory fibers to induce fever [@bib30]. Furthermore, neurons of the mnPOA which are enriched in melanocortin 4 receptors (MC4R) and connected to the DMH can also activate thermogenesis in brown and beige adipocytes [@bib31], although the exact role of the POA in regulating browning remains unknown.

2.2. The arcuate nucleus of the hypothalamus {#s0020}
--------------------------------------------

The arcuate nucleus of the hypothalamus (ARC) is located just above the median eminence (ME) where the blood brain barrier (BBB) is permeable allowing access of peripheral signals to the brain [@bib7], [@bib8], [@bib11], [@bib15], [@bib16], [@bib17]. Thus, the ARC is considered as one of the gates for the brain to sense circulating factors. The ARC is heterogeneous, containing several populations of neurons, but the most studied are those expressing the orexigeneic neuropeptides, such as agouti-related peptide (AgRP) and neuropeptide Y (NPY), or anorexigenic neuropeptide precursors, such as pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART) [@bib7], [@bib8], [@bib11], [@bib15], [@bib16], [@bib17]. In addition to the control of feeding behavior, the ARC also regulates energy expenditure [@bib14], [@bib32], [@bib33]. For example, leptin action in the ARC is required for the induction of action potential and firing of the sympathetic nerves subserving BAT [@bib34], [@bib35]. Interestingly, activation of ARC neurons expressing NPY was found to decrease BAT thermogenesis [@bib36], [@bib37]. A recent study describes that this observation is sexually dimorphic, with female mice lacking corticotropin-releasing hormone receptor 1 (CRFR-1) in AgRP neurons showing decreased thermogenesis in brown and beige adipocytes in response to cold [@bib38]. On the other hand, POMC neurons have been related to increased thermogenesis through activation of SNS to BAT [@bib39], [@bib40], [@bib41]. As a consequence, mice lacking genes downstream to POMC neurons, such as the *Mc4r* gene display suppressed leptin-dependent augmentation of thermogenesis in BAT and WAT [@bib42]. Conversely, absence of protein tyrosine phosphatases 1B (PTP1B) and tyrosine-protein phosphatase non-receptor type 2 (TCPTP), both of which suppress signaling of leptin and insulin receptors, promote WAT browning and energy expenditure in response to insulin and leptin, preventing the development of diet-induced obesity [@bib43]. The capacity of leptin to induce BAT thermogenesis by through the ARC may also involve another population of neurons; the GABAergic RIP-Cre (Cre-mediated expression of rat insulin II promoter)- expressing neurons through their projections to other hypothalamic sites, such as the paraventricular nucleus (PVH) [@bib44], [@bib45], [@bib46]. Overall, these findings suggest that both orexigenic and anorexigenic neural populations of the ARC can regulate thermogenesis.

The molecular mechanism mediating the effect of the ARC on thermogenesis remains unclear. There is evidence pointing to endoplasmic reticulum (ER) stress in the ARC as an important mechanism involved in the regulation of energy expenditure. Indeed, increased ER stress in POMC neurons reduced thermogenesis in BAT [@bib47], [@bib48], [@bib49], while reduction of ER stress, or O-linked-β-N-acetylglucosamine transferase (OGT) expression are associated with increased energy expenditure and thermogenesis in BAT and WAT [@bib50], [@bib51].

2.3. The dorsomedial nucleus of the hypothalamus {#s0025}
------------------------------------------------

It is widely reported that the DMH is involved in the central control of thermogenesis in brown and beige adipose tissues through sympathetic transmission. The DMH is involved in the febrile response, during which some DMH glutamatergic neurons activate sympathetic fibers to BAT through rRPa. This process involves two groups of neurons. Initially, the GABAergic neurons within the DMH inhibit the glutamatergic neurons. However, under prostaglandin (PG)E~2~ activation of the POA, stimulation of a second group of GABAergic neurons in the POA inhibit the DMH GABAergic neurons [@bib11], [@bib30], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56].

There are NPY-expressing neurons in the DMH that are able to regulate thermogenesis through sympathetic activation to BAT and WAT. In fact, disruption of NPY in the DMH increases BAT thermogenesis and browning of WAT [@bib31], [@bib57]. The existing evidence suggests that hypothalamic NPY plays an important role in the control of thermogenesis and promote energy storage in fat [@bib58]. However, under some conditions, such as high energy demand, diet-induced obesity or upon cold exposure, NPY in the DMH increases the thermogenesis process, a phenomenon different from what happens in the ARC where NPY expression is reduced after cold exposure, and where NPY reduces BAT activity [@bib57], [@bib59]. Taken together, NPY in the DMH could play a role in thermogenic regulation as part of a basal inhibitory tone that can be disinhibited under some stimuli, for example the induction of the febrile response from the POA. However, such possibility remains to be tested.

Finally, there are some neurons expressing leptin receptor (LepR) in the DMH, which contribute to sympathetic activation to some fat depots in obese mice [@bib60], [@bib61]. Accordingly, lack of LepR in the DMH was found to decrease BAT thermogenesis promoting weight gain [@bib60], suggesting that leptin in the DMH plays a key role in the sympathetically-mediated activation of BAT thermogenesis.

2.4. The ventromedial nucleus of the hypothalamus {#s0030}
-------------------------------------------------

The importance of the VMH in the regulation of thermogenesis is well established. The main role of this nucleus consists in the integration of various peripheral signals to coordinate the thermogenic response, particularly the sympathetic tone to BAT and WAT. This is supported by the anatomical link between the VMH and the brown and white fat pads [@bib62], [@bib63] through the rRPa and inferior olive (IO) in the brainstem [@bib32], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69]. Thereby, inhibitory factors, such as GABA agonists in the VMH impair the PGE~2~-induced thermogenesis [@bib27], while action of excitatory neuropeptides such as glutamate, noradrenaline, serotonin and tryptophan in the VMH activate BAT thermogenesis [@bib70], [@bib71], [@bib72], [@bib73], [@bib74], [@bib75], [@bib76]. A novel paradigm postulates that the VMH-dependent control of thermogenesis is mediated by circadian rhythms, since mice lacking the clock-control gen *Bmal1* in the VMH show impaired thermogenesis during the night phase [@bib77].

As mentioned above, several peripheral signals arrive at the VMH to activate thermogenesis in BAT and browning of WAT. Many of these signals such as thyroid hormones (THs) [@bib66], [@bib78], [@bib79], bone morphogenetic protein 8B (BMP8B) [@bib80], [@bib81], leptin [@bib82], estradiol (E2) [@bib67], glucagon-like-peptide-1 (GLP1) analogues [@bib83], and drugs such as nicotine [@bib84] have been demonstrated to act through a common mechanism, involving inhibition of AMP-activated protein kinase (AMPK) which leads to the activation of sympathetic fibers to BAT and WAT [@bib79], [@bib81], [@bib83]. More recent data demonstrate that BMP8B acts by decreasing AMPK in VMH neurons connected to the LHA through glutamatergic fibers that stimulate the orexin (OX) system which in turn activate the SNS promoting thermogenesis in BAT and WAT [@bib81]. Conversely, adiponectin (ADP) and resistin (RSTN) caused a decrease in BAT thermogenesis by activation of hypothalamic AMPK [@bib85], [@bib86], [@bib87], [@bib88], [@bib89], [@bib90], [@bib91], although the role of the VMH in these actions remains unproven. Additional peripheral signals that act on the hypothalamus eliciting sympathetic firing to BAT and activating thermogenesis include amylin and uroguanylin (UGN), with UGN also inducing browning of WAT [@bib92], [@bib93], [@bib94]. However, it remains unknown whether the mechanism mediating the actions of these two hormones involves a decrease of AMPK activity in the VMH. The current evidence points to the energy sensor AMPK in the VMH as a canonical regulator of the brain-adipose axes through the SNS [@bib16]. This makes hypothalamic AMPK a potential therapeutic target in the fight against obesity [@bib16].

Hypothalamic complex lipids, such as ceramides, have been involved in the regulation of thermogenesis. Low levels of ceramides are implicated in cellular functions such as growth, differentiation, adhesion and apoptosis [@bib95], [@bib96], [@bib97]. High levels of hypothalamic ceramides have been shown to be lipotoxic, by promoting ER stress in the VMH and reducing the BAT sympathetic tone which impairs the thermogenic process [@bib98]. Overexpression of the chaperone glucose related protein 78 (GRP78) in the VMH, decreases ER stress thereby promoting BAT thermogenesis and browning of WAT causing weight loss and improvement in the metabolic phenotype of diet-induced obese rats in manner independent of feeding [@bib99], [@bib100]. These data suggest that modulation of hypothalamic ER stress could be a promising therapy to treatment of obesity and associated metabolic alterations.

2.5. The lateral hypothalamic area {#s0035}
----------------------------------

The LHA has long been implicated in the control of thermogenesis in BAT and more recently in browning of WAT. Most of the evidences point to orexins A and B (OX-A and -B), that are orexigenic neuropeptides expressed predominantly in the LHA, as well as thermogenic inducers in BAT and WAT [@bib81], [@bib101], [@bib102], [@bib103], [@bib104], [@bib105], [@bib106]. Interestingly, OXs are also required to correct development, differentiation and function of brown adipocytes [@bib107]. In fact OXs act on both components of energy expenditure, thermogenesis and locomotor activity [@bib104], [@bib107], [@bib108], [@bib109], [@bib110].

As discussed in the previous section, the LHA seems to receive projections from the VMH and overexpressing OXs activate sympathetic fibers innervating BAT and WAT [@bib81], [@bib108], [@bib109], [@bib110], [@bib111], [@bib112], [@bib113], [@bib114], [@bib115]. It should be noted however, that OX null mice display normal temperature although they are unable to induce thermogenesis in response to stress induced by handling, suggesting that OX plays an important role in stress-dependent thermogenesis [@bib116]. The involvement of OX neurons in BMP8B-induced thermogenesis has been aforementioned [@bib81]. The possible induction of OX in the LHA to activate thermogenesis by other peripheral signals that trigger AMPK-VMH remains to be determined.

2.6. The paraventricular nucleus of the hypothalamus {#s0040}
----------------------------------------------------

The PVH regulates feeding behavior and energy homeostasis, and is widely interconnected with other hypothalamic and extra-hypothalamic areas. However, the exact role of the PVH in the control of thermogenic processes is controversial due to conflicting findings. For instance, direct stimulation of the PVH was reported to stimulate [@bib71], inhibit [@bib46] or have no effect [@bib117] on BAT thermogenesis.

Some evidence suggests that the PVH activates thermogenesis during the febrile process by inducing thermogenesis in BAT and browning of WAT through sympathetic activation, while lesions in the PVH reduce fever [@bib116], [@bib118], [@bib119], [@bib120]. Furthermore there is evidence for anatomical connection between the PVH and the BAT [@bib4], [@bib63], [@bib114]. The link between the PVH and BAT is further supported by the fact that administration of various excitatory substances in the PVH, such as corticotropin -releasing hormone (CRH), hydroxybutyrate, glutamate, noradrenaline, serotonin, tryptophan, cholecystokinin (CCK), brain-derived neurotrophic factor (BDNF), histamine, UCN, CART, PGE2, leptin or melanocortins leads to the activation of BAT thermogenesis [@bib44], [@bib71], [@bib74], [@bib121], [@bib122], [@bib123], [@bib124], [@bib125], [@bib126], [@bib127], [@bib128], [@bib129], [@bib130], [@bib131]. It is worth mentioning that genetic ablation of single-minded homolog 1 (SIM1; a factor necessary for the correct development of the PVH) reduces thermogenesis in BAT leading to obesity, suggesting that overall the PVH induces BAT thermogenesis [@bib132]. There is also evidence suggesting that the PVH induces browning of white fat. For instance, CART administration into the PVH induces uncoupling 1, 2 and 3 (UCP1, UCP2 and UCP3) expression in brown and beige adipocytes [@bib126]. Moreover, genetic ablation of liver X receptors (LXRs) leads to browning of WAT through activation of thyrotropin-releasing hormone (TRH) in the PVH [@bib133]. Together these results demonstrate that the PVH regulates thermogenesis in both BAT and WAT.

Since stimulation or disinhibition of PVH neurons impairs thermogenesis in BAT and reverses the effects induced by cold or by N-methyl-D-aspartate receptor (NMDA; a specific agonist at the NMDA receptor mimicking the action of glutamate) administration into the rRPa led to the suggestion of the existence of a group of neurons in the PVH that project to the brainstem inhibiting the BAT sympathetic activation [@bib46], [@bib134]. This is supported by the demonstration that NPY administration into the PVH reduces BAT thermogenesis [@bib37], [@bib135]. On the other hand, the melanocortin system in the PVH regulates feeding behavior but appears not involved in the regulation of thermogenesis [@bib136]. Finally, an interesting recent report described a negative link between oxidative stress in the PVH and thermogenesis, since inhibition of NADPH-oxidase, a reactive oxygen species (ROS) inducer, selectively in the PVH of obese mice increased BAT thermogenesis and browning of WAT through sympathetic activation protecting against diet-induced obesity [@bib137].

Taken together, it appears that PVH negatively regulates BAT thermogenesis under basal conditions and some stimuli that activate the inhibitory presynaptic GABAergic neurons hinder the inhibition of thermogenesis by the PVH. However, further investigations are needed to establish the exact role of PVH in thermogenic regulation.

3. Next stop: the brainstem {#s0045}
===========================

As mentioned above, the different hypothalamic areas which receive several inputs including hormones and nutritional signals integrate the information that is transmitted through efferent fibers to many other CNS areas particularly the brainstem [@bib11], [@bib30], [@bib109], [@bib110], [@bib138]. Among the brainstem nuclei, rRPa neurons receive tonic inhibitory inputs most notably from warm-sensitive GABAergic POA neurons, and disinhibition of rRPa neurons by various thermogenic signals increases BAT sympathetic activity [@bib30]. The rRPa sympathetic premotor neurons integrate several signals from peripheral thermoreceptors, from the hypothalamus and other brain areas implicated in the regulation of the body temperature to control sympathetic output that activates BAT. Thus several neural networks converge in the rRPa which controls the sympathetic nerves subserving BAT and WAT [@bib11], [@bib22]. Viral tracing evidence demonstrates that sympathetic nerves that innervate subcutaneous WAT originate from rRPa [@bib139]. Thus the role of the rRPa in the control of BAT and WAT sympathetic tone is well established.

Substantial evidence points to the importance of the brainstem nuclei such as the rRPa in mediating the sympathetically-mediated effects of the hypothalamic nuclei on BAT thermogenesis and WAT browning. The VMH is anatomically linked to rRPa as well as the IO [@bib17], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69]. It has been also demonstrated that a morphological connection between neurons expressing OX in the LHA with the rRPa neurons exists [@bib111], [@bib114]. Moreover, activation of the PVH neurons attenuates the increase in BAT activity evoked by NMDA injections into the rRPa, suggesting the existence of inhibitory projections from the PVH to rRPa decreasing BAT sympathetic nerve activity [@bib46]. Although the cellular mechanisms mediating these actions are not fully understood, it has been reported that sympathetic premotor neurons expressing vesicular glutamate transporter type 3 (vGlut3) in the rRPA activate BAT [@bib11], [@bib22], [@bib140]. Neurons in the rRPA also express serotonin (5-HT) that plays a role in BAT activation [@bib64]. Thus, cold activates 5-HT neurons in the rRPa [@bib141], and accordingly pharmacological activation of 5-HT receptors in the rRPa affects sympathetic tone to BAT in response to cold [@bib142], [@bib143]. Furthermore, inhibition of 5-HT biosynthesis inhibits thermogenesis [@bib144].

Other brainstem areas have been implicated in the control of BAT sympathetic tone. For instance, catecholaminergic neurons in the ventrolateral medulla, also located in the brainstem, inhibit rRPa BAT premotor neurons through activation of α2 adrenergic receptors probably regulating a hypothermic process [@bib134], [@bib145]. The lateral parabrachial nucleus, periaqueductal gray, and locus coeruleus have also been linked to the control of thermogenesis [@bib146], [@bib147], [@bib148], [@bib149], [@bib150], their exact role remains unclear.

4. The sympathetic highway {#s0050}
==========================

The ANS is a major and powerful regulatory system that ensures homeostasis of the body's functions. The metabolic organs are innervated and tightly regulated by two antagonistic branches of the ANS, the SNS and the parasympathetic nervous system (PSNS) [@bib4], [@bib151], [@bib152], [@bib153]. Generally, the SNS has been associated with emergency and threat situations and thus referred to as the *"fight or flight"* response. The PSNS compensates for the SNS to restore the body to a state of calm and thus thought to mediate the *\"rest and digest\"* response.

Both BAT and WAT are innervated by the SNS with a wide presence of nerve terminals and postsynaptic β3-adrenoreceptors (β3-AR) on adipocytes [@bib3], [@bib154]. Induction of thermogenesis in adipocytes is triggered by the arrival of the sympathetic signal, consisting in the release of noradrenaline (NA) which binds to β3-AR activating lipolysis in WAT and the thermogenesis in brown and beige adipocytes. Stimulation with adrenergic agonist leads to the activation of thermogenesis and browning in both rodents and humans [@bib3], [@bib4], [@bib5], [@bib154]. Conversely, subcutaneous administration of β3-AR antagonist inhibits the thermogenic process in both BAT and WAT [@bib66], [@bib67], [@bib99].

There are many peripheral signals that act directly on BAT and WAT to induce thermogenesis. THs act directly on BAT, where TH receptors (TRs) are widely expressed: the TRα1 subtype ensures the normal adrenergic thermogenic response and the TRβ1 subtype increases UCP1 expression [@bib155], [@bib156], [@bib157], [@bib158]. Another important peripheral signal that affects adipocytes is leptin. This is supported by the demonstration that leptin- or leptin receptor null mice have atrophied BAT and reduced thermogenesis activity [@bib159], [@bib160]. Insulin also regulates BAT activity, therefore mice lacking insulin receptor specifically in BAT show decreased BAT mass and fatty acid synthesis in brown adipocytes [@bib161]. There is evidence demonstrating that noradrenergic stimulation of BAT induces the release of fibroblast growth factor 21 (FGF21) [@bib162] which promotes thermogenic activity, increasing energy expenditure and UCP1 expression in BAT and WAT [@bib163], [@bib164], [@bib165], [@bib166].

5. Final destination: thermogenesis in the adipocytes {#s0055}
=====================================================

Classically, there were two main types of fat which exerted opposite functions. On the one hand, BAT underlie NST due to its high capacity to dissipate energy as heat ([Fig. 3](#f0015){ref-type="fig"}) [@bib8], [@bib167], [@bib168], [@bib169], [@bib170], which is essential to maintain body temperature through uncoupled mitochondrial fatty acid oxidation [@bib15], [@bib169], [@bib171]. For this purpose, brown adipocytes are specialized cells characterized by multilocular lipid droplets and a wide presence of mitochondria (giving the characteristic brown color), UCP1 in the inner mitochondrial membrane. White adipocytes are larger, contain fewer mitochondria and have low oxidative rate but a higher capacity to store energy in the form of TGs in a unilocular lipid droplets ([Fig. 3](#f0015){ref-type="fig"}) [@bib172]. Moreover, the WAT acts as an endocrine organ producing various hormones and peptides including leptin [@bib167], [@bib173], [@bib174], [@bib175]. A third type of fat, the beige or brite fat ([Fig. 3](#f0015){ref-type="fig"}), has functional and anatomical characteristics that are intermediate between brown and white adipocytes. Beige adipocytes are induced in localized depots of WAT by a process named browning, and express thermogenic markers to support their thermogenic capacity [@bib1], [@bib2], [@bib168], [@bib169], [@bib176], [@bib177], [@bib178].Fig. 3**Types of adipose tissue.** Brown adipose tissue (BAT, above) is characterized by the presence of small lipid droplets and many mitochondria expressing UCP1, that metabolize lipids to generate heat in a process termed thermogenesis. White adipocytes contain one lipid droplet that fills almost all of the cytoplasm acting as an energy store. Beige adipose tissue (middle) emerges in located depots of WAT and expresses some thermogenic markers. It shows anatomical and functional characteristics between BAT and WAT.Fig. 3

As was described in the previous sections, thermogenesis in brown and beige adipocytes is activated by increased firing rates in sympathetic nerves releasing NA which binds to β3-AR in the adipocytes [@bib7], [@bib11], [@bib15], [@bib167]. β3-AR is coupled to a stimulatory G-protein that triggers activation of adenylate cyclase (AC) which in turn catalyzes the conversion of ATP into cyclic AMP (cAMP) which leads the activation of protein kinase A (PKA). Several downstream pathways that increase thermogenesis are activated PKA in adipocytes. First, PKA activates p38 mitogen-activated protein kinase (MAPK) and extracellular signal regulated kinases (ERK)1/2, which facilitate UCP1 transcription. Moreover, PKA induces lipolysis, activating several lipases, such as adipose tissue triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL), which hydrolyze triacylglycerol, diacylglycerol and monoacylglycerol, respectively, into free fatty acids (FFAs) and glycerol. Then, carnitine palmitoyltransferase 1a (CPT1a) introduces FFAs into the mitochondria, where they are oxidized through β-oxidation leading to reduction of NAD^+^ and FAD to NADH and FADH~2~, which serve as fuel of the electron transport chain. Oxidation drive protons out of the mitochondrial matrix from where they are re-introduced by UCP1, dissipating energy as heat [@bib7], [@bib170], [@bib179]. This heat-producing process in brown or beige adipocytes, named thermogenesis, is the final destination of our trip.

6. The main reason for this travel: the impact of thermogenesis on obesity {#s0060}
==========================================================================

Clearly, the autonomic control of thermogenic processes is critical for maintaining energy homeostasis and dysregulation in this regulatory mechanism is involved in metabolic disease and obesity. Thus, it may possible to use therapeutic strategies to reverse obesity-associated defects in autonomic control of thermogenesis. Indeed, evidence gathered in recent years suggests that activation of thermogenesis could became a promising target to curb obesity due its capacity to burn fat, especially after the recognition of the importance of BAT and browning in adult humans [@bib180], [@bib181], [@bib182], [@bib183], [@bib184]. It is estimated that cold-induced thermogenesis in BAT in lean healthy volunteers burn as much as 25--400 kcal/day [@bib185]. It should be noted that activation of thermogenesis not only induces weight loss, but also has a positive impact on other alterations in the metabolic syndrome such as insulin and leptin resistance, hepatic steatosis, hyperlipidemia, hyperglycemia, hypercholesterolemia and hypertriglyceridemia, likely due to the ability of the thermogenic adipocytes to uptake lipids and glucose from the circulation [@bib15], [@bib161], [@bib186], [@bib187], [@bib188], [@bib189], [@bib190], [@bib191]. Studies targeting central pathways such as hypothalamic AMPK [@bib66], [@bib67], [@bib80], [@bib81], [@bib83], [@bib84] or ER stress [@bib48], [@bib98], [@bib99], have demonstrated the beneficial and specific effects of activating BAT thermogenesis and browning of WAT. Currently, some agents that have demonstrated action on hypothalamic targets such as AMPK including metformin, nicotine or liraglutide are used in the clinic [@bib16].

7. Conclusions {#s0065}
==============

The hypothalamus plays a major role in the regulation of systemic energy balance by regulating feeding behavior and energy expenditure. Our knowledge of the neuronal and molecular mechanisms underlying the control of thermogenesis has been expanded in recent years by the identification of many neuronal and peripheral signals that interact together to form a network that ensure tight regulation of energy balance. The new knowledge about the processes that regulate thermogenesis, especially the findings that brown fat exist in humans, has generated great enthusiasm and hope to identify new pharmacological targets against obesity and associated metabolic alterations.

The potential and serious side effects of activating a major and powerful system, such as the ANS must be taken also in consideration. In line with this, it is important to highlight that most of the studies focused on the central control of thermogenesis do not assess the possible effects of these signals on cardiovascular system, which is highly influenced by the ANS [@bib158]. For this reason, strategies aiming to target neuronal circuits controlling the thermogenic activity of BAT and beige fat must have a high specificity in order to avoid undesired deleterious effects. This highlights the need to understand and define the different routes that travel from the CNS to peripheral organs of the body, before the way through the thermogenic pathways can be exploited safely.
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